As a main grain production area in China, Northeast China (NEC) is highly influenced by the higher warming trend than elsewhere in China or even the globe. As the warming trend goes on, scientific understanding of the changes of thermal conditions in NEC will be essential for taking agricultural adaptation measures. In this paper, the high-resolution (25 km) corrected outputs of PRECIS (Providing Regional Climates for Impacts Studies) under the Representative Concentration Pathway 4.5 (RCP4.5) scenario were used to analyze the changes of the agro-climatic thermal resources in NEC. Results showed that accumulated temperature ≥10 • C (AT10) could increase by 300-500 • C·day, 500-900 • C·day, and 750-1000 relative to the baseline period of 1961-1990. The potential growing season (PGS) would then be prolonged by 11-19 days, 23-35 days, and 25-37 days in 2020s, 2050s and 2080s, respectively, compared to baseline. The spatial features for the changes of thermal indices would show a large increase of AT10 and an extension of PGS and Frost-free period (FFP) in mountainous areas compared to plains; the increment of AT10 would be greater in southern NEC than that in the north, with over 1000 • C·day in the southern parts and 700-800 • C·day in the northern parts in the 2080s. Additionally, the three thermal indices would increase rapidly from 2020s to 2050s compared to the period from 2050s to the 2080s, coincides with the greenhouse gas concentrations peak around the mid-period of the 21st century, and the decline towards the end of the 21st century under RCP4.5 forcing. The results of this paper could act as a guide to taking advantage of increasing thermal resources in NEC, and would be helpful for local practitioners in decision-making.
Introduction
Climate change is already incontrovertible in most regions of the world. According to the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5) [1] , the global mean temperature has increased by 0.78 • C on average in 2003-2012, relative to that of 1850-2012. As it is exposed to the natural environment, the great impact of climate change on agriculture is global concern [2-4]. The thermal growing season lengthened by 2.9 days per decade during 1980-2011 in the Northern Hemisphere, with regional features of stronger rates of extension of 4.0 days per decade in Eurasia, rather than the 1.2 days per decade reported in North America [5] . It has even been observed we employ the high-resolution (25 km) climate scenarios generated from PRECIS2.1 under RCP4.5 to analyze the agro-meteorological thermal resources in NEC, with three typical indices selected: accumulated temperature ≥10 • C (AT10), potential growing season (PGS), and frost-free period (FFP). We try to access the most advanced scientific understandings to help determine the appropriate sowing date, choose a suitable variety for the potential growing season, and minimize the risks of cold damage stress. The study region, simulated climate data, observation data, correction data, and the thermal indices are introduced in Section 2; the validation of the simulation capability of PRECIS and effect of correction for the mean and minimum temperatures, as well as the thermal indices and projection of the variations in the thermal indices, are analyzed in Section 3; and finally the conclusions and a discussion of results are provided in Section 4.
Study Area, Data, and Methods

Study Area
China has a wide and diverse panel of climate types with different climate warming trends, while Northeast China is more sensitive to climate change than other parts. A map of the administrative provinces of Northeast China is shown in Figure 1 . Northeast China, located in the heart of Northeast Asia, is the region with the highest latitude in China, including the three provinces of Heilongjiang, Jilin, and Liaoning. As the main cropping area lies in the three provinces, especially for rice planting, the target area in this paper focused on the three provinces as shown in Figure 1 . The total land area is 787,300 km 2 , accounting for 8.2% of the total land area of China according to the China Statistic Yearbook. Northeast China is across the warm temperate zone, the mid-temperate zone, and the cold temperate zone from south to north, characterized by hot and rainy weather in summer, while it is cold and dry in winter. Northeast China is one of the most important grain producing areas in China. Agricultural production conditions can support the normal growth of many crops. The cereal production of Northeast China accounts for more than 35% of Chinese total grain production [21] . Climate changes in northeast China have a direct impact on agricultural layout and grain yield, and influence the Chinese food production safety strategy.
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Model Data
PRECIS was introduced to China in 2003 and validated in terms of simulation ability in China [22] (details in Table S1 ). The latest version of PRECIS (version 2.1) [23] is used for climate simulation with the radiative forcing of the observed greenhouse gases in the period of 1961-2005, and under RCP4.5 in 2006-2100. In this study, the model domain is 300 grids in longitude and 230 grids in latitude, with a resolution of 25 km in latitude and longitude, covering the whole typhoon genesis region. To ensure 
PRECIS was introduced to China in 2003 and validated in terms of simulation ability in China [22] (details in Table S1 ). The latest version of PRECIS (version 2.1) [23] is used for climate simulation with the radiative forcing of the observed greenhouse gases in the period of 1961-2005, and under RCP4.5 in 2006-2100. In this study, the model domain is 300 grids in longitude and 230 grids in latitude, with a resolution of 25 km in latitude and longitude, covering the whole typhoon genesis region. To ensure the climate variables are properly simulated, the RCP4.5 scenario assumes stabilization without any overshoot in the pathway to radiative forcing of 4.5 Wm −2 in 2100. PRECIS is driven with the lateral boundary conditions from HadGEM2-ES GCM [24] simulations of the current and future climate as one-way nesting. HadGEM2-ES is a non-hydrostatic atmospheric model coupled with the ocean and land surface ecosystems, and was designed to provide simulations for CMIP5. The HadGEM2-ES simulations have been run with a horizontal grid length of 1.875 • (longitude) × 1.25 • (latitude), and 38 vertical levels and an ocean resolution of 1 • (increasing to 1/3 • at the Equator and 40 vertical levels). HadGEM2-ES includes interactive land and ocean carbon cycles and dynamic vegetation, with an option to either prescribe atmospheric CO 2 concentrations or to prescribe anthropogenic CO 2 emissions and simulate CO 2 concentrations. To simulate the evolution of the atmospheric composition and interactions with atmospheric aerosols, an interactive tropospheric chemistry scheme is also used. Extensive diagnostic outputs from HadGEM2-ES were made available to the CMIP5 multi-model archive, including from the historical simulation (defined as , for which the model state in 2005 was then used as the initial condition for different future RCP simulations. The RCP4.5 scenario is a moderate emission scenario, wherein greenhouse gas concentrations would peak around the mid-period of the 21st century and then decline. This provides a common platform for climate models to explore the climate system response to stabilizing the anthropogenic components of radiative forcing.
A series of climate scenarios with a horizontal resolution of 50 km generated from PRECIS had been used for the analysis of the average climate trend [25] , changes of summer days, consecutive frost days and growing season length [26] , heat wave frequency and duration [27] under SRES scenarios in the 21st century, as well as the changes of the 95th percentile of the maximum temperature, the 5th percentile of the minimum temperature, high-and low-temperature days [28] , and lighting and thermal resources in the potential northward areas of winter wheat [29] (details in Table S1) under the RCP scenarios during the 21st century. In our paper, the latest version (PRECIS2.1) with a horizontal resolution of 25 km will be used to dissect AT10, PGS and FFP changes under the RCP4.5 scenario in the 21st century in Northeast China.
Observation Data
The gridded observed meteorological data are also applied to test the applicability and the validity of the simulated results. These data were observed daily and strictly quality-controlled by the China Meteorological Administration, ensuring internal long-term consistency and homogeneity of data used in the study region. The datasets with a resolution of 50 km × 50 km generated by Xu et al. [30] , based on the observed daily mean temperature data of 751 meteorological stations within mainland China in 1961-2005, were then bilinear interpolated to a new dataset with a resolution of 25 km × 25 km. The resolution of the interpolated observation data is very close to the resolution of PRECIS, so there is not a significant bias for the direct comparison in the statistical analysis.
Correction Data
The simulation ability for the mean and minimum temperature was validated in 1961-1990, which is taken as the baseline period, via the comparison with the observation data in the spatial distribution. To better represent thermal indices in future, the average method has been taken for the correction of the climate scenarios datasets. Firstly, the monthly mean value of observations and simulations at each grid is calculated; secondly, the bias of the simulation minus observation is extracted as the coefficients to be applied to the original outputs of future climate scenarios, then new datasets of the corrected climate scenarios were generated. Moreover, the timeline in the 21st century is divided into three periods: 2011-2040 (2020s), 2041-2070 (2050s), and 2071-2100 (2080s), corresponding with the early, mid and late period, respectively.
Thermal Indices
In the field of agronomy, thermophilic crops could grow in air temperatures ≥10 • C, while the growth of chimonophilous crops could be viable if the minimum temperature is ≥0 • C. There could be several indices to represent the thermal resources in Northeast China, and three typical indices were chosen in this paper to understand the trend of the thermal resources in the 21st century: accumulated temperature ≥10 • C (AT10), the potential growing season (PGS) of the corresponding crops (rice, for example, as a kind of typical thermophilic crop, has greatly expanded in the past decades), and the frost-free period (FFP), which is an indicator for chimonophilous crop planting. The definitions of the three indices are listed in Table 1 . The occurrence dates of the temperature limits (i.e., 10 • C for AT10 and 2 • C for FFP [31] (details in Table S1 ) are determined with the method of the 5-day moving average [32] . Before the 30th of June, whenever the moving average is consistently above 10 • C or 2 • C, the first day of the first five consecutive days is taken as the initial date for the calculation of AT10, PGS, and FFP, while the last date of these indices is determined with the last day of the last five consecutive days after the 1st of July. Table 1 . Definitions of thermal indices used in this study.
Code
Index Description Unit AT10 Accumulated temperature ≥ 10 • C Accumulated temperature value during daily air mean temperature (T mean ) ≥ 10 • C 1 period.
• C·day
PGS
Potential growing season
Annual (1st of January to 31st of December) count days with T mean ≥ 10 • C. FD-PGS means the first occurrence date of PGS, and LD-PGS means the last occurrence date of PGS.
day
FFP
Frost-free period
Annual (1st of January to 31st of December) count days with daily air minimum temperature (T min ) ≥ 2 • C 2 . FD-FFP means the first occurrence date of FFP, and LD-FFP means the last occurrence date of FFP. day 1 Change trend of AT10 is coincidence with accumulated temperature ≥0 • C (AT0); thus, AT10 is chose to study in our paper [9] . 2 T min has higher increments than maximum temperature; therefore, T min is used to represent FFP [33] (details in Table S1 ).
Results
Validation of the Mean and Minimum Temperature and Thermal Indices
The reasonable projection of the future trend of AT10 and PGS is based on PRECIS' capacity to simulate the T mean , while the analysis of FFP is directly related to the T min . The observed, simulated, and corrected T mean and T min are shown in Figure 2 The statistical features of the probability distribution function (PDF) for different temperatures are shown in Figure 3 . We can see that the simulated Tmean has a higher probability in the value range The statistical features of the probability distribution function (PDF) for different temperatures are shown in Figure 3 . We can see that the simulated T mean has a higher probability in the value range of 5-25 • C, while agreement in the simulated T mean and observation occurred in values below −15 • C and the possibility was over simulated slightly in the area of −15-5 • C. There is a systematic shift to warmer areas for the simulated T min compared to the observation, while the corrected PDF for the T mean and T min fits well with the observed values. High-quality corrected scenario datasets enabled the analysis of the agro-meteorological thermal resources to be more reasonable and reliable in this paper. Figure 4 shows the spatial distribution features of observed, simulated and corrected AT10, PGS and FFP in the baseline period, separately. From the comparison of simulated and observed AT10 in Figure 4a ,b, we can conclude that PRECIS can capture the main distribution characteristics of AT10 in most parts of NEC, while overestimating in the Lesser Khingan and Changbai Mountains with the bias value more than 100 °C•d, even up to 400 °C•d. On the other hand, it underestimated, with a bias value in the range of 100-150 °C•d, in the Songnen and Sanjiang Plains, and less than 300 °C•d in Liaohe Plain. It can be seen from Figure 4c that the bias of the corrected AT10 minus observation can be narrowed down below 50 °C•d in the Sanjiang and Songnen Plains, and less than 50-100 °C•d in Liaohe Plain, while in mountainous areas, the bias can be reduced to less than 100 °C•d.
As the calculation of both PGS and AT10 relies on the Tmean, the distribution feature of the observed and simulated PGS in Figure 4d ,e resembles that of the AT10, with PGS over 130 d in plain areas, and below 130 d in mountainous areas, which is overestimated in the Lesser Khingan and Changbai Mountains, with a bias value over 5 d and up to 15 d, and is underestimated with a bias value in the range of −20-5 d over the three plains. The bias of the corrected PGS and observation can be greatly reduced, as shown in Figure 4f : the bias values can be reduced to below 2 d in the Sanjiang and Songnen Plains, to the range of 5-7 d in Liaohe Plain, and to below 7 d in the Lesser Khingan and Changbai Mountains.
Since the calculation of FFP depends on the Tmin, which is much more overvalued than the Tmean in mountainous regions and is well simulated in plains regions, as shown in Figure 2g ,i, the comparison of FFP in Figure 4g ,h clearly presents overvaluing in the Lesser Khingan and Changbai Mountains, with a bias value of more than 10 d, and undervaluing in the Songnen and Liaohe Plains, with a bias value in the range of −10-5 d, and less than 10 d in the Sanjiang Plain. Meanwhile, the bias of the corrected FFP minus observation was greatly decreased to the range of −1-4 d in the three plains, while being below 2 d over most areas of the Lesser Khingan and Changbai mountains.
In conclusion, over estimation appears in mountainous areas and underestimation occurs in plains areas for AT10, PGS and FFP, while the gaps between the simulation and observation have been fixed owing to the applications of correction; therefore, analysis on the future trends in this paper will consequently be based on the corrected AT10, PGS and FFP. Figure 4 shows the spatial distribution features of observed, simulated and corrected AT10, PGS and FFP in the baseline period, separately. From the comparison of simulated and observed AT10 in Figure 4a ,b, we can conclude that PRECIS can capture the main distribution characteristics of AT10 in most parts of NEC, while overestimating in the Lesser Khingan and Changbai Mountains with the bias value more than 100 • C·day, even up to 400 • C·day. On the other hand, it underestimated, with a bias value in the range of 100-150 • C·day, in the Songnen and Sanjiang Plains, and less than 300 • C·day in Liaohe Plain. It can be seen from Figure 4c that the bias of the corrected AT10 minus observation can be narrowed down below 50 • C·day in the Sanjiang and Songnen Plains, and less than 50-100 • C·day in Liaohe Plain, while in mountainous areas, the bias can be reduced to less than 100 • C·day.
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Changes of AT10, PGS and FFP During the 21st Century
It is clearly shown in Figure 5 that the Tmean and Tmin in the 2020s, 2050s and 2080s would increase gradually, relative to the baseline. A common feature that is indicated is that the warming in the In conclusion, over estimation appears in mountainous areas and underestimation occurs in plains areas for AT10, PGS and FFP, while the gaps between the simulation and observation have been fixed owing to the applications of correction; therefore, analysis on the future trends in this paper will consequently be based on the corrected AT10, PGS and FFP.
Changes of AT10, PGS and FFP during the 21st Century
It is clearly shown in Figure 5 that the T mean and T min in the 2020s, 2050s and 2080s would increase gradually, relative to the baseline. A common feature that is indicated is that the warming in the northern part of NEC is more obvious than that in the southern part, and the increment of the T min is higher than the T mean . For the T mean in Figure 5a -c, greater increments appear in 2041-2070, with values above 3.2 • C in most areas, compared with the T mean changes in 2020s, with increments over 1.6 • C. During 2071-2100, the changes in the T mean would experience the most dramatic increase over the whole NEC region, especially for Heilongjiang province, with increments over 3.8 • C, relative to the baseline level. In Figure 5d -f, the changes of the T min resemble those of the T mean ; however, the increments are even larger for the T min compared with the T mean in all three future periods, with increments above 4.0 • C in most parts of Heilongjiang province at the end of the 21st century.
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Changes of the First and Last Days of PGS and FFP
From the above analyses we know that the agro-meteorological thermal resources greatly increased, the growth season either for thermophilic crops represented with PGS or for chimonophilous crops represented with FFP would prolong by more than one month in northern NEC in the mid-21st century and nearly one month in southern NEC in the later 21st century. It could be helpful for the systematic adjustment of agricultural activities to know how the crop phonology would be advanced and delayed, thereby to promote high-efficiency use of increased climatic thermal resources. The average changes of the first and last days of PGS and FFP for the whole of NEC are shown in Figure 7 , where we can see that the overall features of potential crop phenology changes include the first occurrence day advancing by 3-15 days, 6-27 days, and 8-24 days for PGS, and 2-14 days, 9-22 days, and 9-23 days for FFP in the 2020s, 2050s and 2080s, respectively, relative to the baseline. Meanwhile, the last occurrence day would be delayed by 2-15 days, 6-22 days, and 3-23 days for PGS, and 3-13 days, 7-23 days, and 6-22 days for FFP during the 2020s, 2050s and 2080s, respectively. Interestingly, the first day of PGS and FFP would advance rapidly from the 2020s to 2050s, while it would slow down from the 2050s to 2080s, and vice versa for the last day of PGS and FFP. This corresponds to the GHGs emission pathway of RCP4.5.
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Northeast China, a main crop production region for Chinese food security, displays more obvious warming than other regions in China. It is meaningful to analyze the changes of agro-climatic resources due to climate change. As produced by PRECIS, changes of the Tmean and Tmin during the 21st century would be in agreement with variability of the radiative forcing trajectories under RCP scenarios [34, 35] . In comparison with the Tmean, the Tmin would warm up more obviously, which is consistent with previous findings [34, 36] . Relative to observations, overestimation of the simulated 
Northeast China, a main crop production region for Chinese food security, displays more obvious warming than other regions in China. It is meaningful to analyze the changes of agro-climatic resources due to climate change. As produced by PRECIS, changes of the T mean and T min during the 21st century would be in agreement with variability of the radiative forcing trajectories under RCP scenarios [34, 35] . In comparison with the T mean , the T min would warm up more obviously, which is consistent with previous findings [34, 36] . Relative to observations, overestimation of the simulated T mean and T min were reproduced in the Lesser Khingan and Changbai mountains, which was also commonplace among GCMs [37] . Discrepancy between models and real conditions could be attributed to climate models' sensitivity to altitude [38] . However, the discrepancy had reduced after correcting the simulation by subtracting observations in the reference period.
Some studies have already shown that the increments of AT10 in NEC would be over 1000 • C·day under the SRES A2 scenario, within in the range of 500-1000 • C·day under the SRES B2 scenario by the end of the 21st century [39] , 1300-1500 • C·day in the eastern Jilin province and southern Songnen Plain under the A1B scenario [18] , and 400 • C·day and 700 • C·day under the RCP4.5 and RCP8.5 scenarios [20] . Compared with the former results, it is shown from our analyses that the increments of AT10 in most areas in NEC would be around 900 • C·day by the end of the 21st century. While for the former analyses, research has seldom been done for the changes in the length of PGS and FFP as defined in this paper, it is shown that the crop potential growing season for a T mean ≥5 • C would increase by about 20 days under the SRES A2 scenario from Tang's analyses [39] (details in Table S1 ). The maize potential growing season, with the same criteria of a T mean ≥10 • C as the PGS defined in this paper, would increase by 30-40 days under the SRES A1B scenario by the end of the 21st century [18] ; our analyses showed that PGS and FFP would increase by 11-37 days and 6-22 days in NEC under the RCP4.5 scenario by the end of the 21st century. For the analyses on the first and the last days of PGS and FFP, little research has been done; however limited results show that the first day of AT10 would advance 3 days and 4 days, and the first day of frost would be delayed by 3 days and 6 days under the RCP4.5 and RCP8.5 scenarios, respectively, according to Chu's research [20] . In our paper, the first occurrence day would advance 8-24 days for PGS and 9-23 days for FFP, and the last occurrence day would be delayed by 3-23 days for PGS and 6-22 days for FFP under the RCP4.5 scenario at the end of the 21st century.
An increase in the accumulated temperature and a prolonged potential growing season would be favorable for crop growing and the expansion of arable land, and there would be opportunities for regions where early maturing varieties could be replaced with mid-and late-maturing varieties, while the early maturing varieties and cold-resistant varieties could be expanded northwards, and areas capable of growing late-maturing varieties would expand [18, 20] . Moreover, FD-FFP would appear early in spring and LD-FFP would appear late in autumn, which could finally result in a late harvest date to avoid cold damage to crops [40, 41] (details in Table S1 ). Thus, understanding the changes of agro-climatic resources could provide us the scientific information in agriculture management for the adaptation of decision-making for the high-efficiency use of climatic resources, to ensure crop production in response to climate change.
Conclusions
In this paper, gridded observed datasets with a horizontal resolution of 25 km and a time period of 1961-1990 were used to validate the modeling system PRECIS' capacity for simulations of the T mean and T min . Three thermal indices (AT10, PGS, and FFP) were selected to analyze the changes of the agro-meteorological resources in NEC. The spatial distribution feature of temperature could be simulated well, although it was overestimated in two mountainous areas and underestimated in three plains. However, after correction of the original outputs with the average method, the bias of the corrected values minus the observation in baseline could be below 100 • C·day for AT10, less than 5 days for PGS, and under 4 days for FFP in the three plains. Such an analysis, with corrected climate scenario outputs, has never been reported in the published literature, and it can be expected that the projection of the future changes of the thermal indices could be more reliable with correction. Therefore, this is an attempt to apply correction data to analyze agro-meteorological thermal resources under a medium emission scenario (RCP4.5), with a horizontal resolution of 25 km generated from the regional climate modeling system PRECIS.
The changes of the T mean , T min , and three agro-climatic thermal indices during the 21st century were summarized in Table 2 . The greatest warming of the T mean and T min would appear in northern Heilongjiang, with an increase of 4 • C and 4.2 • C separately by the end of the 21st century. For AT10, the most rapid growth would appear in the next few decades, which would increase by 750-900 • C·day in the Songnen, Sanjiang and Liaohe plains by the mid-21st century. Correspondingly, the length of PGS would be increasing to 21-29 days and FFP would prolong by 20-30 days in the three plains by the 2050s, while in 2080 the variations of the three thermal indices would show slight changes compared to the 2050s, which could be in response to greenhouse gas concentrations that peak around the mid-period of the 21st century and then decline under the RCP4.5 scenario. The results could provide a scientific basis for us to improve crop variety and adjust the crop planting structure, so that we could make full use of thermal resources to expand the crop planting areas. From a practical perspective, it is not likely to be possible to grow rice in high mountains; however, thermal resources would increase more obviously in the junction belts of mountains and plains than in other regions, which is helpful for the expansion of the rice planting areas in these regions. Meanwhile, it would provide the possibility to alternate crop variety, raise crop productivity, and produce high-quality rice.
In our paper, PRECIS with a high horizontal resolution of 25 km under RCP4.5 was applied to analyze thermal resources in the 21st century. From our analysis, the regional characteristics could be presented better with high resolution, rather than low resolution. For example, the features in both mountainous and plain areas were described well. Furthermore, it was shown to be more reasonable and scientific. However, only a single dataset under a single RCP scenario was used for the analysis in this paper, and only three thermal indices were chosen to represent the agro-climatic resources. More scenarios and indices should be used to analyze climatic resources in the context of climate change in future studies.
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